protoporphyrin IX and hemin with affinities similar to those of A' cells (Kds of 0.94 and 0.41 ,uM, respectively).
Aeromonas salmonicida is a pathogen of a wide variety of fish and is the causative agent of the systemic disease furunculosis, a commercially important disease in cultured salmonids (6) . Virulent strains possess a cell surface protein array designated as the A-layer (23) , the principal component of which is a 49,000Mr protein arranged tetragonally and contiguously over the cell surface (4, 11) . Isogenic strains devoid of A-layer protein ("A protein") (A-) are avirulent (8, 11) , and the role of the A-layer as a virulence factor stems at least partly from the protection if affords against the bactericidal activity of serum (14) . However, the A-layer also endows the cell with an enhanced ability to associate with macrophages (22) and to resist the effects of a variety of proteases (unpublished data), thus potentially facilitating the spread of the infection.
Virulent A-layer-containing strains of A. salmonicida can be detected by resistance to bacteriophage whose receptors reside beneath the A-layer (8) , or, more conveniently, by the ability of A' cells to hydrophobically bind the aromatic sulfonated diazo dye, Congo red (CR), during growth on solid media (7) . CR media have been used for some time to permit differentiation of virulent and avirulent strains of a variety of gram-negative bacteria (13, 15, 20) , but the molecular basis of CR binding is unknown.
The ability of Yersinia species and Shigella flexneri to absorb CR as well as hemin has been correlated with virulence (9, 15, 17) , and it has been suggested that the ability to bind CR is related to the ability to sequester iron (17) . In ing Chemists, Inc., Cincinnati, Ohio. Protoporphyrin IX, hemin, and hematoporphyrin were from Sigma Chemical Co., St. Louis, Mo. All other reagents were commercially available.
RESULTS
Effect of (NH4)2SO4 on CR binding to A' cells. At higher CR levels, the binding of CR to A' cells was strongly enhanced by the presence of 2 M (NH4)2SO4, whereas at 2 ,ug ml-' CR the added salt had little effect. At low dye concentrations there was an apparent salt-independent binding of CR which also suggested saturation kinetics ( a All of the compounds listed in the left column had no interfering absorption at 480 nm and thus were added directly to the cells at 200 ,ug ml-' with 2 ,ug of CR ml-'. Compounds listed in the right column had absorption interferences and were incubated at 200 ,ug ml-' with the cells, which were then harvested, washed, and assayed for binding of 2 pg of CR ml-'.
b All assays were in duplicate. CR binding at 2 pg ml-' (2.9 ,uM) in the absence of added compounds was taken as 100%o. Table 1 , that is, at a 100-fold excess of competitor to CR, no significant CR binding was observed in the presence of protoporphyrin IX or hemin. Hemin is protoporphyrin IX with a ferric ion ligand. Figure 4 shows the concentrationdependent inhibition of CR binding by protoporphyrin IX, hemin, and hematoporphyrin. Protoporphyrin IX was strongly inhibitory, hemin was moderately inhibitory, and hematoporphyrin had little effect. Conversely, CR was shown to be a potent inhibitor of protoporphyrin and hemin binding (data not shown).
Protoporphyrin IX, hemin, and hematoporphyrin binding to A' cells. Both protoporphyrin IX and hemin were avidly bound by A' cells of A. salmonicida A451. (Fig. 6) . As with whole cells, virtually no binding of hematoporphyrin could be observed.
DISCUSSION
The binding of CR to A. salmonicida cells apparently proceeds by at least two mechanisms. In differential media (i.e., CR agar) at high concentrations of 30 to 50 ,g ml-' (7, 17) in the presence of some salt, much of the binding is undoubtedly hydrophobic and nonspecific and results in a large number of dye molecules bound per cell. At high CR concentrations, for instance at greater than 5 ,uM, dye binding is amplified due to the formation of stacked aggregates (3) . CR binding at high dye concentrations (Fig. 2,  inset) likely reflects this. The binding of CR to A' A. salmonicida cells during growth on CR media likely proceeds by this mechanism. However, at low CR levels binding appears to proceed by a salt-independent mechanism of surprisingly high affinity. It is possible that CR bound to the high-affinity site acts as an nucleation site for further binding at higher CR concentrations. The A protein component of the A-layer appears to be the CR-binding component since A-strains are unable to bind CR at low concentrations and purified A protein binds CR with high affinity. In outer membrane protein gel profiles of A-strains, only the A protein is missing (11) . It is well known that aromatic dye molecules tend to bind to the active-site regions of some globular proteins (5) . This may be the result of nonspecific interactions, such as general hydrophobicity, or by some specific arrangement of charge groups, hydrophobic regions, and hydrogen bond donors and acceptors. Due to their similarity to the biological heterocyclic bases, dyes have been used as analogs to nucleotides, dinucleotides, acetyl coenzyme A, and even folic acid (1, 10, 21) . Indeed, CR has been shown to interact with the nucleotide binding site of several dehydrogenases (3).
The A. salmonicida A protein appears to possess a unique binding site for the porphyrins, protoporphyrin IX and hemin. This site is effectively mimicked by CR and is the first instance we know of in which a commercial dye has been shown to mimic a porphyrin binding site. It is surprising, at first, that CR is so effective and specific. However, when molecular models are constructed there emerges a striking similarity in structure between CR and protoporphyrin (Fig.  7) . The important features are a hydrophobic edge, and two appropriately spaced single-charge residues per molecule.
Also, the overall dimensions of the two molecules are approximately the same. There is likely a hydrophobic binding domain on A protein. Thus hematoporphyrin, in which the vinyl groups of protoporphyrin IX are substituted with hydroxyl groups, does not bind to A' cells or to protein A and does not compete with CR or porphyrin binding. Also, the number and probably the positioning of the sulfonic acid residues is important since Trypan blue with four sulfonic acid residues and Evans blue with three were only weak competitive inhibitors of CR binding. Estimates of the number of ligand binding sites by Scatchard analysis of the binding data for soluble protein A is confusing. While hemin binds at one molecular site per monomer, CR binds at two and protoporphyrin IX at approximately four. It is possible that two molecules of CR fit the binding site, perhaps as a stacked dimer, but it is difficult to rationalize how four molecules of protoporphyrin occupy a single site. One could view this site as a hydrophobic cleft into which four protoporphyrin molecules stack. Hemin containing a bulky iron atom could foreseeably prevent this. The chemical nature of this site is under further investigation.
What then is the physiological role of porphyrin binding to A protein? It is tempting to speculate that such binding represents an initial stage in iron transport. Avirulent Shigella, Vibrio cholerae, Escherichia coli, and Neisseria meningitidis mutants which have lost the ability to bind CR have an enhanced virulence upon supplementation with iron (15) . Perhaps the CR binding factor of these strains also binds hemin. It is also possible that the hemin binding site is a siderophore receptor site, since A' strains of A. salmonicida have been shown to synthesize a unique siderophore (2) . However, an uncharacterized siderophore from the related bacterium Aeromonas hydrophila (R. Byers, personal communication) did not compete for porphyrin binding to A' cells (unpublished data). Another possibility is that the A-layer strips iron from lactoferrin or transferrin using protoporphyrin IX bound to A protein to sequester ferric ion. Strains of N. meningitidis (18, 19) and A. salmonicida (11) have been shown to require cell contact with an iron chelator such as transferrin. However, unlike most irontransport systems in the system described here A protein is not derepressed by iron limitation. It is equally likely that virulent bacterial strains such as A. salmonicida either have a unique heme requirement or scavenge heme from their hosts during invasion. Whatever the role of porphyrin binding, it is worthwhile to note that there exists a high degree of conservation in the primary structure of A proteins from a variety of A. salmonicida strains of diverse properties, origins, and pathogenesis (12) Structures of CR and protoporphyrin IX, arranged to maximize similar conformations. All double bonds are not included for sake of simplicity. In the foreground is the common hydrophobic edge and in the background are the two negative-charge residues common to both molecules. 
